The proton-nucleon cross section ratio R = Br(Υ → l + l − ) · dσ(Υ)/dy| y=0 / σ(J/ψ) has been measured with the HERA-B spectrometer in fixed-target proton-nucleus collisions at 920 GeV proton beam energy corresponding to a proton-nucleon cms energy of √ s = 41.6 GeV. The combined results for the decay channels Υ → e + e − and Υ → µ + µ − yield a ratio R = (9.0 ± 2.1) · 10 −6 . The corresponding Υ production cross section per nucleon at mid-rapidity (y = 0) has been determined to be Br(Υ → l + l − ) · dσ(Υ)/dy| y=0 = 4.5 ± 1.1 pb/nucleon.
Abstract
The proton-nucleon cross section ratio R = Br(Υ → l + l − ) · dσ(Υ)/dy| y=0 / σ(J/ψ) has been measured with the HERA-B spectrometer in fixed-target proton-nucleus collisions at 920 GeV proton beam energy corresponding to a proton-nucleon cms energy of √ s = 41.6 GeV. The combined results for the decay channels Υ → e + e − and Υ → µ + µ − yield a ratio R = (9.0 ± 2.1) · 10 −6 . The corresponding Υ production cross section per nucleon at mid-rapidity (y = 0) has been determined to be Br(Υ → l + l − ) · dσ(Υ)/dy| y=0 = 4.5 ± 1.1 pb/nucleon.
Introduction
In recent years, there has been a rapid development of models describing quarkonium, especially charmonium, production, with great success both in the high-and low-energy range (see e.g. review [1, 2] and references therein). These developments are driven by the available measurements of charmonium production, and the implication of a possible suppression of charmonium production as an indicator for a Quark-Gluon Plasma (QGP) [3, 4] . Bottomonium production represents a natural field for testing the predictions of these models [1] . Measurements of the Υ production cross section 1 have been performed by many experiments [5] - [18] in the wide range of the proton-nucleon centreof-mass (cms) energy √ s of 19 to 1800 GeV, and with targets ranging from proton (A = 1) to platinum (A = 195) with both proton and antiproton beams.
Usually, the result of bottomonium production measurements is presented as the product of the differential cross section at mid-rapidity dσ(Υ)/dy| y=0 times branching ratio [1] . However, the acceptance of most of the fixed-target experiments which have so far measured bottomonium production, is not in the region of central collisions, y = 0, so that systematic effects in determining the total cross section can be substantial. More specifically, precisely in the energy region of HERA-B, the available results [10, 12] disagree by about a factor of two (see Table 1 2 ) which cannot be explained by a large nuclear suppression [19] . HERA-B covers the region of mid-rapidity, implying less uncertainty in the determination of the total cross section, and can thus contribute to the knowledge of Υ production, despite its rather small sample size. Furthermore, both Υ → µ + µ − and Υ → e + e − decay channels are measured simultaneously, providing an additional statistically independent cross check.
Measurement method
We determine the Υ production cross section by comparing the relative yields of Υ and J/ψ production, and normalizing to the known J/ψ cross section:
1 Throughout this paper we refer to the sum of Υ(1S) + Υ(2S) + Υ(3S) cross sections as the Υ cross section. 2 Both papers [10, 12] quote the differential cross section in terms of the Feynman scaling variable x F which we transform to rapidity y. The two quantities are related
is a coefficient which depends on the (measured) transverse momentum distribution of the produced Υ mesons. Its numerical value is 1.98 ± 0.03 and 2.12 ± 0.03 for √ s = 38.8 GeV and √ s = 41.6 GeV, respectively. Table 1 Summary of the available measurements of the Υ production cross section in pA collisions near √ s = 41.6 GeV. The published result of [12] refers to the production of Υ(1S) only and has been rescaled using Eq. (4) to also include Υ(2S) and Υ(3S). In the case of E771 [13] , the published value has been corrected to include the Υ(3S) state and the coefficient ∆y eff (see Sect. 4.4). Overall normalization uncertainties of 15% (Ref. [10] ) and 10% (Ref. [12] ) have been included. 
and in addition, we define the ratio of the mid-rapidity Υ cross section to the total J/ψ cross section as
Here, σ(J/ψ) is the J/ψ production cross section, and N(Υ) and N(J/ψ) are the numbers of observed Υ and J/ψ decays, respectively. The branching ratio J/ψ → l + l − is taken as the average of the most recent values for J/ψ → e + e − and J/ψ → µ + µ − [20] , ε(J/ψ)/ε(Υ) is the ratio of J/ψ and Υ trigger and reconstruction efficiencies determined from Monte Carlo simulations, and ∆y eff is the coefficient relating the full and differential Υ cross section at mid-rapidity y = 0: σ(Υ) = ∆y eff dσ(Υ)/dy| y=0 (see Sect. 4.4) . In this way the result is independent of the luminosity determination, and systematic uncertainties due to absolute trigger efficiencies cancel out to a large extent, since only relative efficiencies between Υ and J/ψ and relative acceptances enter the final result. For σ(J/ψ) at √ s = 41.6 GeV we use the value
obtained from a global fit [21] of J/ψ production data 3 , after adjusting the data using a common nuclear suppression parameter α = 0.96 ± 0.01 [19] and the latest value of branching ratio Br(J/ψ → l + l − ) [20] . Eq. (1) assumes the same numerical values of α parameters for Υ and J/ψ production in accordance with the experimental data [19, 23] . The trigger chain includes pretriggers provided by ECAL and MUON for the lepton candidate search, and a first level trigger (FLT) which finds tracks downstream of the magnet starting from the pretrigger seeds. The FLT requires that at least two pretrigger candidates be present in an event and that an FLT track be found from at least one of them. The (software) second level trigger (SLT) starts from pretrigger candidate tracks, confirms them in the tracker and VDS using a simplified Kalman filter algorithm, and accepts the event if either two electron or two muon candidates with a common vertex are found. The trigger imposes a cut on the transverse energy E T of the electrons, and an implicit cut on the transverse momentum p T of the muons. A more detailed description of the HERA-B detector, trigger and reconstruction chain can be found in Refs. [24, 25] , and references therein. This analysis is based on 4 Data analysis
Monte Carlo simulation, trigger and reconstruction efficiency
Monte Carlo simulation is performed for J/ψ, Υ and Drell-Yan production. Heavy quarkonia and Drell-Yan production are simulated with PYTHIA 5.7 [26] . The energy remaining after the quarkonium or Drell-Yan generation is passed to FRITIOF 7.02 [27] to simulate the underlying pA interaction. Finally, additional inelastic pA interactions, generated by FRITIOF, are superimposed according to the multiple-interaction probabilities of five separate running periods. After tracking the particles through the detector material with GEANT 3.21 [28] and a realistic digitization simulation, the event is reconstructed by the same reconstruction program which is used for the real events. The trigger and the detector parameters are tuned for the individual data taking periods. To have a realistic description of the kinematic distributions for J/ψ and Υ, the PYTHIA generation has been tuned by reweighting according to the differential distributions from the high-statistics data of Refs. [10, 12, 29, 30] . The relative trigger and reconstruction efficiencies are determined from Monte Carlo simulations. For the muon channel, the ratio of efficiencies is ε(J/ψ)/ε(Υ) = 0.76 ± 0.05. The departure from unity is a result of the trigger p T cut which affects muons from J/ψ decay more strongly than muons from Υ decay due to the different mass scale. Because of a harder cut on E T at the trigger level, the difference is even larger in the electron channel:
Event selection
The event selection includes cuts on the quality of tracks, most notably, that the tracks must have segments in both the VDS and the main tracker and that "clones" (nearby reconstructed tracks originating from the same real physical track) be removed. Further requirements are that either two muon or two electron candidates of opposite charge and with a common vertex are present. Muon candidates are required to penetrate to the muon detector layers behind the absorber material. Electrons are identified by requiring an energy deposit (cluster) in the ECAL. Bremsstrahlung photons emitted by electrons in front of the magnet are recovered for better energy resolution and additional electron identification [25] . The transverse energy E T at ECAL must exceed 0.95 GeV, and the ratio between the energy as measured by the ECAL and the momentum must be close to unity (0.85 < E/p < 1.25 and, in addition, E/p > 0.9 when no bremsstrahlung photon is found).
To suppress background from secondaries produced in the beam pipe which reach the muon chambers, we impose cuts on the muon transverse momentum, After applying these cuts, the lepton momentum spectra for the mixture of signal and all background sources are similar in the data and Monte Carlo.
Description of signal and background

Muon channel
The dimuon mass spectrum in the J/ψ mass region (Fig. 2) is fitted with a Gaussian folded with contributions from J/ψ → µ + µ − γ [31] for the signal shape, and an exponential of a second-order polynomial for the background. For the combined sample of the three target materials (64% C, 33% W, 3% Ti) we obtain a total of 152900±490 J/ψ decays and a width of 38.8±0.1 MeV/c 2 .
For the mass region m > 5 GeV/c 2 ( Fig. 3) we use a similar function to describe the Υ peaks to that used for the description of the J/ψ. Due to the lack of statistics, the positions of the Υ(2S) and Υ(3S) states are fixed relative to the Υ(1S) state using the PDG mass values [20] , and the relative contributions of the three states are fixed according to the E605 results [10] :
The width of the Υ(1S) state is fixed to the width of the J/ψ scaled by the ratio of the expected momentum resolution for muons from Υ and J/ψ decays resulting in 159 MeV/c 2 . The widths of the Υ(2S) and Υ(3S) states are scaled proportionally to their masses.
In this mass region, the Drell-Yan process as well as random combinations between leptons contribute to the background. As before, we describe the combinatorial background by an exponential of a second-order polynomial, whose shape is determined from a fit to the like-sign µ ± µ ± pair spectrum (Fig. 4) , and a normalization factor which is left as a free parameter. The shape of the Drell-Yan spectrum is determined from a fit to the corresponding reconstructed Monte Carlo events.
Thus, the free fit parameters for the spectrum with m > 5 GeV/c 2 ( Fig. 3 ) are: the total Υ yield, the Υ(1S) mass, the yield of Drell-Yan dileptons, and the height of the combinatorial background. The total Υ yield in the log likelihood fit is N(Υ) = 30.8 ± 7.4 stat . The fit function describes the data well (χ 2 /ndf = 51/54). Using this value in Eq. (1) we obtain R µµ J/ψ = (7.9 ± 1.9 stat ) · 10 −6 , and using the value of the J/ψ cross section Eq. (3), the cross section for Υ production at mid-rapidity as determined from Υ → µ The fit (Fig. 3) shows that the combinatorial background dominates below 7 GeV/c 2 but becomes negligible at the Υ mass. We have verified that the generated shape of the Drell-Yan background in Monte Carlo simulations agrees with the published data [10, 12, 32] . Further support for the correctness of the background curves in Fig. 3 comes from studying a number of sensitive kinematic variables (such as the average momentum asymmetry between the muons). The observed values are compatible with the mixture of signal and background contributions obtained from the fit to the mass spectrum.
The fit also provides a measurement of the Drell-Yan (DY) differential cross section d 2 σ/(dm dy)| y=0 in the region of the Υ mass, or equivalently the ratio R DY [9, 10, 11] of the Υ production to the Drell-Yan cross sections
Similarly to Eq. (1) we determine for the Drell-Yan cross section: To compare these results with the published data of the Fermilab fixed-target experiments [10, 11, 12, 32] at √ s = 38.8 GeV, we scale the Drell-Yan production cross section with the variable τ = m 2 /s leading to a factor of 1.28 ± 0.03 4 , and the Υ cross section by a factor 1.32 (obtained from the fit to the Υ data, see Sect. 5). The results, scaled to √ s = 38.8 GeV, then become: 
Electron channel
The analysis of dielectron events generally follows the path described for dimuon events. Before fitting, the momentum vectors of the leptons are corrected by adding in the energy of bremsstrahlung photons emitted in the material before the magnet and reconstructed in the calorimeter. The fit function takes into account resolution effects as well as a tail due to nonrecovered bremsstrahlung and final state radiation [25, 31] . The fit yields N(J/ψ) = 109710 ± 930 and a width of 59.9 ± 0.8 MeV/c 2 for the combined sample of the three target materials (62% C, 32% W, and 6% Ti).
The log likelihood fit of the mass region m > 5 GeV/c 2 ( Fig. 6) , for which the free parameters are the position of the Υ(1S) peak, the contributions of the Υ signal, of Drell-Yan, and of the combinatorial background, results in 75 ± 14 stat Υ events with χ 2 / ndf = 19/27. This leads to a cross section ratio R ee J/ψ = (11.0±2.1 stat )·10 −6 , and a mid-rapidity cross section for Υ production of Br(Υ → e + e − ) · dσ(Υ)/dy| y=0 = 5.5 ± 1.0 stat pb/nucleon. As for the muon channel, the various energy-dependent kinematic distributions of the electron pairs behave as expected from the relative contributions of the different processes. The imposition of an E T requirement for electrons in the trigger severely suppresses triggers from like-sign leptons, because of the additional p T -bias of the magnet. The resulting like-sign electron mass spectrum therefore does not describe the combinatorial background and is not used in this analysis. Instead, the combinatorial background is evaluated by mixing tracks from different events. For masses greater than about 6 GeV/c 2 , the combinatorial background is less than the Drell-Yan contribution and becomes negligible for masses above 9 GeV/c 2 .
The Drell-Yan contribution at m = 9.46 GeV/c 2 is
2 ) leading to R ee DY = 1.5 ± 0.7 GeV/c 2 . Scaling these results to √ s = 38.8 GeV we obtain 
Systematic uncertainties
The systematic uncertainties are dominated by the uncertainties in the description of the background which contribute 14% for muons and 17% (including uncertainties in the bremsstrahlung tail) for electrons, respectively. The uncertainties of the relative J/ψ and Υ efficiencies are estimated to be 7% for muons and 9% for electrons. The systematic uncertainty of the J/ψ reference cross section Eq. (1) is 9%. The parameter ∆y eff ( √ s) = 1.14±0.12 syst (precision of 11%) at √ s = 41.6 GeV is determined from the fits of existing measurements for x F and p T distributions for Υ mesons [10, 12] .
Other systematic uncertainties are small compared with those already mentioned. Among them are the use of a Gaussian function with a fixed width for fitting of the Υ peaks (< 4%), uncertainties of the fractions of the various Υ states in Eq.(4) (< 0.1%), the polarization effects in J/ψ and Υ production (< 1.8%), and the branching ratio J/ψ → l + l − (< 1.7%). When, in the electron channel, the particle identification requirements are strengthened by requiring either that one of the two lepton candidates have an associated bremsstrahlung cluster in the calorimeter, or that both have associated clusters, the results change by less than 4%. The results are stable within the statistical uncertainty for a wide variation of the cuts for muon or electron identification. All contributions, added in quadrature, result in a systematic uncertainty of 21% in the case of muons, and 25% in the case of electrons. Table 2 summarizes all results obtained in the previous sections. One can see that the results in the muon and electron channels are compatible. Combining Table 2 Summary of the input values and the resulting cross sections for both muon and electron channels.
Combined results
Parameter 
(5.90 ± 0.10)% ∆y eff 1.14 ± 0.12 syst R J/ψ (units of 10 −6 ) 7.9 ± 1.9 stat ± 1.5 syst 11.0 ± 2.1 stat ± 2.5 syst
the muon and electron channels, we have
and, using the J/ψ reference cross section Eq. (3), we obtain ( Fig. 7 )
where the error includes both statistical and systematic contributions. The systematic uncertainties in the muon and electron channel have a common part of 14% compared to the full values of 21% and 25%, respectively, the dominant contributions being due to the uncertainties of ∆y eff and the J/ψ reference cross section Eq. (3). After taking this into account, the χ 2 of the combined result is χ 2 = 0.6.
If, instead of normalizing to the J/ψ cross section, we use the yield and efficiency ratio between Υ and Drell-Yan production together with the DY cross section at √ s = 38. √ s = 41.6 GeV, we obtain for the Υ production cross section:
with a χ 2 of 0.3. However, the published data on the DY process are less abundant than those for the J/ψ cross section and are less precise due to limited statistics and difficulties in separating the Υ signal from the DY continuum.
We therefore take the value obtained by normalization to the DY cross section as a confirmation of our main result Eq. (5), which is obtained by normalization to the J/ψ cross section. Scaling this result by a factor of 1.32 (obtained from the fit described below) to compare it to the published data at √ s = 38.8 GeV,
we obtain: Br(Υ → l + l − ) · dσ dy (Υ)| √ s=38.8 y=0 = 3.4 ± 0.8 pb/nucleon. Our result lies half-way between the results of E605 [10, 11] and E772 [12] and does not favour one of these results over the other. In Fig. 7 we compare the result Eq. (5) with the measurements of previous experiments. In most cases, the uncertainties are large with the exception of four measurements obtained at Fermilab at cms energy √ s = 38.8 GeV, which are also those closest in energy to HERA-B ( √ s = 41.6 GeV). However, these values are in poor agreement with each other, as summarized in Table 1 .
The fit of all experiments in Fig. 7 (solid line) uses the Craigie parameterization [34] f ( √ s) = σ 0 exp (−m 0 / √ s), yielding σ 0 = 182 ± 21 pb/nucleon, m 0 = 167±4 GeV, χ 2 /ndf = 37/14. The dotted line in Fig. 7 shows fits to predictions of next-to-leading order (NLO) calculations from Ref. [35] in the framework of the colour evaporation model (CEM) using the MRST HO parton distribution functions [36] . The thickness of the line corresponds to the variations of results in the three sets of input parameters of the model which describe the open beauty production data [35] : m b = µ = 4.75 GeV/c 2 ; m b = 4.5 GeV/c 2 , µ = 2m b ; and m b = 5 GeV/c 2 , µ = m b /2, where m b is the b-quark mass and µ is the renormalization scale (assumed to be equal to the factorization scale). The NLO predictions are normalized according to a fit of the experimental data using the mentioned values of the parameters m b and µ [35] .
Conclusion
The Υ production yield at mid-rapidity in pA collisions at a proton momentum p = 920 GeV/c has been measured in both channels Υ → µ + µ − and Υ → e + e − . The J/ψ cross section (3) has been used for normalization, and the ratio of Υ and J/ψ cross sections Eq. (2) is determined to be R J/ψ = (9.0 ± 2.1) · 10 −6 .
The resulting Υ production cross section (both lepton channels combined) is
= 4.5 ± 1.1 pb nucleon .
Our result, scaled for √ s dependence, lies half-way between those of E605 [10, 11] and E772 [12] . Normalization with respect to the Drell-Yan process confirms this result. The result agrees within 1.4 standard deviations with current CEM NLO predictions [35] (see Fig. 7 ).
